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Carbon nanotubes (CNTs) show attractive electronic properties that
have been studied extensively, including interest for cabling and wiring appli-
cations. Specifically, CNTs may provide an advantage over conventional mate-
rials, such as copper, due to their lightness and flexibility, which are properties
demanded in naval and aircraft applications. Using molecular doping with the
potassium tetrabromoaurate molecule (KAuBr4), doped nanowires with en-
hanced electrical properties may be obtained. This thesis presents the first
comprehensive modeling effort on KAuBr4 doping of CNTs, including doping
of SWNT junctions.
The results showed that the dopants had an overall positive effect on
SWNT based conductors. The conductance of K doped junctions was similar,
regardless of doping configuration, while the conductance for the AuBr4 doped
junction was heavily reliant on the doping configuration. The AuBr4 doping
fragment showed a unique characteristic: it eliminated the dependence of the
junction conductance on nanotube overlap. A nanowire model was developed
v
and used as a metric for comparison with experimental studies of KAuBr4
doped CNTs. The nanowire model provided a reasonable comparison of the
computational results with previous experimental work. Overall, results pre-
sented in this thesis show the promise of doped SWNTs as potential candidates
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Carbon nanotubes (CNTs) have attracted much attention since physi-
cist Sumio Iijima identified hollow cylindrical carbon structures in 1991 [1].
Since then, research on the material has escalated in order to study its unique
properties. In particular, the electronic properties of CNTs show great promise,
and provide an attractive prospect for applications like power transmission and
consumer electronics. Specifically, conventional materials used in electrical
applications, such as copper, are heavy and have poor mechanical properties;
CNT-based wires may be able to resolve those complications with superior
mechanical and electrical properties [2]. Recent research showed the advan-
tage of doped CNT cables over conventional copper cables in terms of specific
conductivity [3]; another paper showed a flexible and conductive CNT-based
electrode [4]. This work on doped CNTs can contribute to the fabrication of
highly conductive nanotubes in many of these applications.
In order to replace conventional conductive materials, the enhancement
of electrical conductivity in CNTs is a highly reseached topic. One way of
enhancing the electrical conductivity is through the chemical doping of the
CNTs. Some experimental studies of doped CNTs include I2, ICl, IBr [5],
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KAuBr4 [6, 7], K, Br [8], and AuCl3 doped [9] CNTs.
Zhao et al. [3] showed a very high specific conductivity in iodine doped
CNTs, which a previous work studied its computational models [10]. Simi-
larly, motivated by recent experimental efforts where CNT wires doped in a
KAuBr4 aqueous solution show high conductivity over undoped CNT wires
[6, 7], this thesis explores the effect of potassium tetrabromoaurate (KAuBr4)
on single-walled nanotube (SWNT) conductors and junctions. (In this thesis,
the KAuBr4 investigated has a gold oxidation number of +3, represented by
the Roman numeral III [11].) Notably, the doped CNT wires showed increased
conductivity, but decreased specific conductivity (specific conductivity is de-
fined in a continuum as σ/ρ, where σ is the conductivity, and ρ is the mass
density, of the continuum). No computational work on KAuBr4 as a CNT
dopant was found at the time of this writing. Furthermore, the possibility
of the KAuBr4 molecule disassociating is considered, since the exact chemical
makeup of the doped CNT is unknown. In this thesis, both the K atom and
AuBr4 fragment were included as potential dopants in the analysis.
K doping has been shown to improve the SWNT conductivity as well
as its high-temperature stability (the change in conductivity was low across
a wide range of temperatures) [8]. In that cited work however, the K doping
process was limited to a small sample size; the procedure involved transfer-
ring the reacted sample into a cryostat, which limits the yield. This poses an
obstacle for the fabrication of conductive wires, since a high volume of these
wires is required. Alternative K doping methods have been found, however:
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K doped multi-walled nanotubes were produced through a reaction with a
phenanthrene/K solution [12], which allows doping of larger volumes of CNTs.
Moreover, the electronic structure of K doped SWNTs were investigated com-
putationally [13]. In that work, the K atoms were positioned in the center
of semiconducting SWNT conductors without structural relaxation. The re-
searchers observed an upwards shift of the Fermi energy in the band structure,
which is an indication of the n-doping of nanotubes by the K atoms. A differ-
ent doping configuration for the K atoms is shown in this thesis, for both the
SWNT conductor and junction models.
The AuBr4 fragment was not studied as a dopant for CNTs, but results
on a similar dopant (AuCl3) exist. Kim et al. found a decrease of sheet resis-
tance in AuCl3 doped CNT films with increasing dopant concentration, under-
going a decrease as much as 90% with an AuCl3 concentration of 60 mM [9]. A
further study using Raman and x-ray photoelectron spectroscopy showed that
the element chlorine, rather than the gold, in the AuCl3 molecule is responsi-
ble for the p-doping of the CNT, thus reducing the sheet resistance [14]. More
recently, a computational study determined that it was neither the Cl nor the
AuCl3 (and Au2Cl6) that induced the p-doping, but the AuCl4 [15]. Building
upon that result, AuCl4 doped conductors have been studied computationally
and found to improve the conductance of the SWNT [16], but there were no
computational studies on AuBr4 doped SWNTs at the time of writing. In
this work, that gap in knowledge will be bridged through the investigation of
AuBr4 doped SWNT conductors and junctions.
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Apart from the neutral K atom and AuBr4 fragment, their charged
counterparts were modeled as well, namely, the K+ and AuBr−4 ion. The
modeling of the charged dopants was motivated by the uncertainty in the
doping configuration presented in [6, 7]: the doping solution used to produce
the KAuBr4 doped CNT in the two works was a KAuBr4 aqeuous solution,
which raised the possibility of K+ and AuBr−4 as doping agents in the solutions.
Hence the effect of charged dopants on SWNT conductors was investigated in
this research. There were no published experimental measurements on the
doping configurations for the KAuBr4 solution, thus the results in this thesis
show several possible cases (KAuBr4, K, AuBr4, K
+, and AuBr−4 ) which may
result from said doping solution.
In terms of SWNT junctions, Li and Marzari looked at (5,5) nanotube
junctions and showed the potential of transition metals as a ‘linker’ atom
in the junction interface, to improve the electrical conductance of the junc-
tions [17]. Their junction models only considered transition metals as dopants,
and only had about a one half unit cell of junction overlap. Saito studied the
computational model of packed K doped CNT arrays as a candidate for su-
perconductors [18], and observed an upwards shift in the Fermi energy, a sign
of n-doping. K doped junctions in this thesis are different, in that multiple
overlap distances were considered, and the junctions have only two end elec-
trodes (this means that electronic transport from one end to another is more
likely to be due to intertube travel as compared to arrays of complete SWNT
conductors).
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The closest computational study to AuBr4 doped junctions were AuCl4
doped junctions [16], but the junction models presented in that work utilized
four terminals (electrodes), and the tube axes of the SWNTs were orthogonal
to each other, which differs from the junction models presented in this the-
sis. In that work, they utilized (10,0) semiconducting SWNT junctions, and
showed an increase of conductance from zero to an ideal metallic SWNT con-
ductance. In this thesis, the AuBr4 doped junctions presented are of metallic
SWNTs; the dependence of conductance on dopant configuration is shown as
well.
To limit the scope of this work, only two types of SWNTs were studied:
the armchair SWNT of chirality (5,5) is the representative metallic SWNT,
while the zigzag SWNT of chirality (8,0) is the representative semiconducting
SWNT, both initialized as a rolled graphene sheet. Even so, the results ob-
tained here are expected to be similar for the other metallic and semiconduct-
ing SWNTs; in the future, a set of dissimilar SWNTs should be considered for
investigation. The transport calculations for the conductors were done to repli-
cate the conductance of an isolated SWNT. As for the junctions, the transport
calculations were done to simulate a macro-scale wire packed with SWNTs, in
order to simulate the conditions similar to the experimental work in [7], where
the CNT wires were fabricated through radial densification. That was done
through the placement of a SWNT junction model in a computational unit
cell that defines the packing of the junctions. For the doped SWNT junctions,
two configurations are shown: the external doping and the interstitial doping
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configuration. The variety in configurations addresses the effect of doping dis-
tribution on junction conductance, which was shown in a previous work on
a detailed look at dopant distribution using iodine doped SWNTs [10]. The
configuration of the dopants (in the experiment) for a KAuBr4 doping solution
is not known. It is likely that the solution contains some mixture of K atoms
and AuBr4 fragments. New experimental methods would be needed to explic-
itly control dopant configurations, which was not shown in the aforementioned
experimental works [6, 7].
Besides dopant dependent conductance effects, other influences in the
SWNT junction models were also studied. The conductance of the junction
is a complex subject that can be affected by: SWNT tube axis alignment
[19], interface alignment (stacking alignment in graphene junctions) [20–23],
overlap distances (SWNT and graphene) [19,23], intertube separation distance
(graphene nanoribbon-graphene interlayer distance) [24]. The effects of SWNT
rotational configuration, overlap distances, and nanotube separation distances
(packing arrangement) on the junction conductance are discussed here.
The thesis is organized as follows: Chapter 2 discusses the methodology
used in investigating the models, Chapter 3 presents results on SWNT con-
ductors, while Chapter 4 shows the results on SWNT junctions. In addition,
a nanowire model was proposed to scale the SWNT results and determine
specific conductivity. Chapter 5 presents the nanowire model and compares
it with a benchmark material, copper. Conclusions on the presented results
are drawn in Chapter 6. Finally, in Appendix A, the results on the ion doped
6




Structural relaxation for all presented models was performed using the
SIESTA 4.0 computational package, a self-consistent density functional theory
(DFT) software that uses a basis set based on linear combinations of atomic or-
bitals (LCAO) [25]. In all cases, the atomic orbitals were double-ζ polarized.
Exchange-correlation functionals were obtained using the Generalized Gra-
dient Approximation (GGA) method, parametrized by Perdew, Burke, and
Ernzerhof (PBE) [26], matched with an orbital energy shift ∆EPAO = 150
meV [27]. The k-grid mesh for structural relaxation was 1 × 1 × 1, while the
k-grid mesh for transport calculations was 1 × 1 × 4. The relatively coarse
mesh [16,28] was selected due to the size of the computational models; a finer
mesh (1 × 1 × 4 for structural relaxation) was tested; it was found that the
difference in results was negligible (< 2%), while the computation time was
much longer (four times as long). The mesh cutoff energy was 300 Ry for
both the structural relaxation and transport calculations [28]. For ab-initio
computations, bonds do not exist; the “bonds” shown in this work represent
the electrostatic forces between atoms. Dispersion correction was not incorpo-
rated in the calculations of this thesis, since there have been DFT studies that
showed accurate SWNT band gap values without dispersion correction [29].
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However, dispersion corrected models are of interest in future studies.
A computational unit cell (used to specify a packing arrangement) un-
der periodic boundary conditions was used for the relaxation and transport
calculations. All models were relaxed until the maximum atomic force in the
system was less than 0.04 eV Å−1.
Transport calculations were performed with the TranSIESTA module
included in the SIESTA 4.0 package, which computes the charge density matrix
using Green’s functions [30]. The conductance G is expressed in the form of






T (E)dE, T (E) = Tr[t†(E)t(E)], (2.1)
where Tr is the trace operator, t(E) is the transmission matrix, † is the conju-
gate transpose operator, Tr[t†(E)t(E)] is the transmission amplitude at energy




= 7.748 × 10−5 S, (2.2)
where e is the elementary charge, and h is Planck’s constant. All results
presented in this work were computed at zero temperature conditions, and
thus Eqn. (2.1) becomes [31]
G = T (EF )G0. (2.3)
In order to perform the transport calculations, each model was split into three
regions: two end electrodes (one on each end) and the central scattering region.
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The end electrodes used in all calculations are extensions of the central scat-
tering region, i.e., they are of the same species and configuration, instead of a
different element (e.g. gold electrodes with a SWNT central scattering region).
This is because of the intention is to simulate macro-scale CNT conductors,
which can be approximated as infinitely long. Furthermore, the inclusion of
buffer atoms is required when using bulk electrodes of a different species, which
will further enlarge the model size and prolong the computation time. The
electrodes range from 2 to 4 unit cells in length, depending on the model and
dopant size, and are semi-infinite: they extend to infinity on ends that are not




The investigation of KAuBr4 doped CNTs began with the modeling
of SWNT conductors. Through the conductor models, the effects of different
dopants on the conductance (a measure of effectiveness in intratube electronic
movement) was observed. Motivated by the experimental efforts of KAuBr4
doped CNTs [6, 7], a KAuBr4 dopant was chosen in an attempt to shed light
on the mechanism behind the improvement of the electrical conductivity of
the nanotubes. As the exact dopant standoff and dopant type were unknown,
the possibility of the K atoms and AuBr4 fragments disassociating from their
KAuBr4 form in the doping solution was considered. Hence, the conductance
of the undoped, KAuBr4 doped, K doped, and AuBr4 doped SWNT conductors
is presented in this chapter.
Prior to transport calculations, structural relaxation was performed
on all the models. The SWNT conductors were relaxed in an isolated envi-
ronment, i.e., the undoped/doped conductors were relaxed in a large compu-
tational unit cell to prevent interactions between the periodic images. The
SWNT conductors modeled are 20 Å away from the walls in the x- and y-
directions, while the z-walls were positioned such that the periodic images of
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the computational unit cell simulate a continuous and infinitely long SWNT
conductor. Once relaxed, transport calculations were carried out on the SWNT
conductor models in the same computational unit cell.
As mentioned in Chapter 1, there is a great interest in the specific
conductivity of the doped models, in addition to the conductance. In the
conductor models, the transport calculations were performed with two isolated
nanotubes; as such, the volume of the conductor models was not considered.
Therefore, the results of conductance and specific conductance (instead of
specific conductivity) of the modeled SWNT conductors are computed. The








where Gc is the conductance of a SWNT conductor with mass per unit length
of m̂c, Lc is the unit cell length of the conductor, and mc is the unit cell mass
of the conductor. The atomic masses of the different elements considered are
listed in Table 3.1, obtained from [33].
The SWNT conductors were modeled with two different dopant con-
centrations; the concentration values depend on the dopant species. (Note
that in this thesis, dopant concentration is referred to as the number of
atoms/fragments/molecules of dopants per SWNT unit cell; Table 3.2 tab-
ulates the dopant mass fractions for the different dopants, and the dopant
concentrations.
The dopants were initialized at a distance of 1-1.1 Å from the nanotube
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surface, which was sufficient to induce inter-atomic interactions; in all the
cases, the dopants relaxed to a distance further away from the initial position,
shown in Table 3.2 as dopant standoff (l∗dopant−SWNT ).
3.1 Undoped Conductors
The SWNTs were initialized as a rolled graphene sheet with a carbon-
carbon bond length of 1.42 Å, leading to diameters of 6.26 Å and 6.78 Å
respectively for the (8,0) SWNT and the (5,5) SWNT, which match literature
values [34]. In terms of band structures, the models are consistent with past
work [29,34]: the (8,0) SWNT has a band gap of 1.25 eV and the (5,5) SWNT
has a zero band gap, both shown in Fig. 3.1.
For the undoped cases, the (8,0) SWNT conductor has a conductance
of zero at the Fermi energy EF , while the (5,5) SWNT conductor has a con-
ductance of 2G0 at EF . These results match literature values [35, 36]. The
mass per unit length for the undoped (8,0) SWNT is 90.160 amu Å−1; similarly
97.601 amu Å−1 for the (5,5) SWNT.
3.2 Potassium Tetrabromoaurate Doped Conductors
The first doped SWNT conductor model studied was the KAuBr4 doped
conductor. The KAuBr4 molecule spans the length of two unit cells in the (8,0)
SWNT, and three unit cells in the (5,5) SWNT, shown in Figs. 3.2 and 3.3.
Hence, the KAuBr4 dopant concentrations tested are 0.50 and 1.00 molecules
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per unit cell for the (8,0) SWNT. Correspondingly, the dopant concentrations
are 0.33 and 0.67 molecules per unit cell for the (5,5) SWNT. The dopant
standoff, the doped mass per unit length, and the dopant mass fraction are
listed in Table 3.2.
The KAuBr4 molecule had no effect on the conductance of the (8,0)
SWNT, which remained at zero at both dopant concentrations. However, the
conductance of the (5,5) SWNT increased with increasing dopant concentra-
tion, almost doubling to 3.98G0 at the higher concentration. Despite this
effect, the specific conductance was not improved, due to the high mass of
the KAuBr4 molecule, as shown in Fig. 3.4. The equilibrium geometry of the
dopant molecule differed between the KAuBr4 doped (8,0) SWNT and the
KAuBr4 doped (5,5) SWNT, as shown in Figs. 3.2 and 3.3 respectively. In the
(8,0) SWNT case, the K atoms in the KAuBr4 molecule aligned into a single
plane, whereas in the (5,5) SWNT case the K atoms moved away from the
plane of the AuBr4.
The KAuBr4 has been shown to improve the conductivity of CNTs
[7], consistent with the present work, noting that bulk SWNTs include both
metallic and semiconducting nanotubes [37].
3.3 Potassium Doped Conductors
The second dopant considered was the K atom, disassociated from its
KAuBr4 form. The K atom spans the length of one unit cell in both the (8,0)
and (5,5) SWNT conductors, as shown in Figs. 3.5 and 3.6. Hence, the dopant
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concentrations are 0.50 and 1.00 atoms per unit cell for both the (8,0) and
(5,5) SWNT. The dopant standoff, the doped mass per unit length, as well as
the dopant mass fraction are listed in Table 3.2.
The K doping had a very positive effect on conductance for both the
(8,0) and (5,5) SWNT conductors. At the dopant concentration of 1.00 atoms
per unit cell, the conductance increased to pass the benchmark value for an
undoped (5,5) conductor: 2G0. Due to the low mass of the K atom, the
specific conductance for both types was also improved, as shown in Fig. 3.7.
Band structure analysis, shown in Figs. 3.11(left) and 3.12(left), showed that
there was an upwards shift in the Fermi energy, a sign of the n-doping of the
SWNT conductor by the K atom. This led to an increase in electronic states
available near the doped Fermi energy, and consequently an improvement in
the conductance. The results are qualitatively consistent with experiment,
where the potential of potassium atoms to improve the conductivity of SWNTs
is shown [8].
3.4 Tetrabromoaurate Doped Conductors
The third dopant investigated was the AuBr4 fragment, the other disas-
sociated part of the KAuBr4 molecule. The AuBr4 fragment spans the length
of two unit cells in the (8,0) SWNT conductor, and three unit cells in the (5,5)
SWNT conductor, as shown in Figs. 3.8 and 3.9. Hence, the AuBr4 framgent
concentrations tested are 0.50 and 1.00 fragments per unit cell for the (8,0)
SWNT conductor. The dopant concentrations are 0.33 and 0.67 fragments per
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unit cell for the (5,5) SWNT conductor. The dopant standoff, the doped mass
per unit length, and the dopant mass fraction are listed in Table 3.2.
The AuBr4 doping improved conductance for both the of SWNT con-
ductors, especially for the (5,5) conductor, shown on the left of Fig. 3.10.
Band structure analysis, shown in Figs. 3.11(right) and 3.12(right), showed
that there was a downwards shift in the Fermi energy, a sign of p-doping of
the SWNT conductor by the AuBr4 fragment. This led to an increase in
electronic states available near the doped Fermi energy, and consequently an
improvement in the conductance. It is qualitatively consistent with the clos-
est experimental work related to AuBr4 doping, which is the AuCl3 doping of
CNT films [9]. In that work the authors observed a decrease in sheet resistance
of the doped film over its undoped counterpart.
Given the mass of the AuBr4 fragment, the specific conductance re-
mains below the benchmark value for an undoped metallic (5,5) SWNT, as
shown on the right of Fig. 3.10.
3.5 Summary of Results: SWNT Conductors
The SWNT conductors had the following reaction to the dopants:
• KAuBr4: The KAuBr4 molecule had mixed effects on the conductance of
the SWNT devices. The (8,0) conductor was unaffected by the KAuBr4
dopant: its conductance remained at zero. The (5,5) conductor showed
an increase in conductance with KAuBr4 doping: the conductance raised
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from 2G0 to 3G0 at 0.33 molecules per unit cell, and to 4G0 at 0.67
molecules per unit cell. The specific conductance of the (8,0) conductor
was zero (since the G = 0), while the KAuBr4 doping reduced the specific
conductance of the (5,5) conductor, despite a significant improvement to
the conductance. The dopant mass fraction for the KAuBr4 was very
large, going as high as 60% and 61% for the (8,0) and (5,5) conductors
respectively. The relaxed configuration of the KAuBr4 molecule differed
between the two types of SWNT conductors, which suggested that the
full-planar configuration of the KAuBr4 molecule reduces conductance
in the (8,0) SWNT, while the separated K atom and AuBr4 fragment
improve conductance; the effects of the disassociated parts are also shown
in this chapter.
• K: The K atom had a positive effect on both the (8,0) and the (5,5)
conductors. The (8,0) conductor saw an increase in conductance: the
conductance increased from 0 to 1.6G0 at 0.50 atoms per unit cell, and
to 2.5G0 at 1.00 atoms per unit cell. The (5,5) conductor also saw an
increase in conductance: the conductance increased from 2G0 to 3G0
at 0.50 atoms per unit cell, and to 3.8G0 at 1.00 atoms per unit cell.
The specific conductance of the (8,0) conductor was increased, going
over the benchmark value of an undoped (5,5) SWNT at 1 atoms per
unit cell, while the specific conductance of the (5,5) conductor exceeded
the same benchmark at 0.50 and 1.00 atoms per unit cell. Since the
K atom is relatively light, the dopant mass fraction was low for both
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semiconducting and metallic SWNT conductors, going only as high as
9% for the (8,0) conductor and 14% for the (5,5) conductor. From the
band structure analysis, the increase in conductance is attributed to n-
doping of the SWNT conductor by the K atom.
• AuBr4: The AuBr4 dopant had a positive effect on both the (8,0) and the
(5,5) conductors. The (8,0) conductor saw an increase in conductance:
the conductance increased from 0 to 1.3G0 at 0.50 fragments per unit
cell, and to 1.9G0 at 1.00 fragments per unit cell. The (5,5) conductor
also saw an increase: the conductance increased from 2G0 to 3G0 at 0.33
fragments per unit cell, and to 0.67G0 at 0.67 fragments per unit cell.
However, the specific conductance of both the (8,0) and (5,5) conductors
were lower than the benchmark value for the undoped (5,5) SWNT. Since
the AuBr4 fragment is heavy, the dopant mass fraction was high for both
the semiconducting and metallic SWNT conductors, going as high as 57%
for the (8,0) conductor and 59% for the (5,5) conductor. From the band
structure analysis, the increase in conductance is attributed to p-doping
of the SWNT conductor by the AuBr4 fragment.
The results for the ion dopants are shown in Appendix A. The con-
ductance of the ion-doped conductors was not affected: for the (8,0) SWNT
conductor G = 0, and for the (5,5) SWNT conductor G = 2G0. The specific
conductance remained at zero for the ion doped (8,0) conductor, while the
specific conductance decreased slightly for the ion doped (5,5) conductor. The
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dopant mass fraction for each ion dopant was the same as its charged counter-
part, shown in Table 3.2. Table A.1 lists the dopant standoff, mass per unit
length, and conductance for the ion doped conductors.
Table 3.1: Atomic masses of atoms used in models.
Element K Au Br C
Mass (amu) 39.098 196.967 79.904 12.012
Table 3.2: Dopant standoff (from SWNT surface), mass per unit length, and
























0.50 3.375 (Au) 155.3 0.420
1.00 3.313 (Au) 220.5 0.591
(5,5)
0.33 3.364 (Au) 172.9 0.435
0.67 3.362 (Au) 248.1 0.607
K
(8,0)
0.50 2.352 94.7 0.048
1.00 2.492 99.3 0.092
(5,5)
0.50 2.618 105.6 0.075
1.00 2.549 113.5 0.140
AuBr4
(8,0)
0.50 3.382 (Au) 150.8 0.402
1.00 3.186 (Au) 211.3 0.573
(5,5)
0.33 3.507 (Au) 167.6 0.418


























Figure 3.1: The undoped band structures of the (8,0) SWNT conductor (left),
and the (5,5) SWNT conductor (right); the red line indicates the Fermi level.
Figure 3.2: KAuBr4 doped SWNTs: (8,0) SWNT with 0.500 dopant molecules
per unit cell (left), and 1.000 dopant molecules per unit cell (right).
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Figure 3.3: KAuBr4 doped SWNTs: (5,5) SWNT with 0.333 dopant molecules
per unit cell (left), and 0.667 dopant molecules per unit cell (right).
Figure 3.4: Performance of the KAuBr4 doped SWNTs (conductance, left, and
specific conductance, right), with the dashed lines representing an undoped
(5,5) SWNT (note that the (8,0) SWNT was not affected by KAuBr4 doping).
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Figure 3.5: K doped SWNTs: (8,0) SWNT with 0.500 dopant atoms per unit
cell (left), and 1.000 dopant atoms per unit cell (right).
Figure 3.6: K doped SWNTs: (5,5) SWNT with 0.500 dopant atoms per unit
cell (left), and 1.000 dopant atoms per unit cell (right).
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Figure 3.7: Performance of the K doped SWNTs (conductance, left, and spe-
cific conductance, right), with the dashed lines representing an undoped (5,5)
SWNT.
Figure 3.8: AuBr4 doped SWNTs: (8,0) SWNT with 0.500 dopant fragments
per unit cell (left), and 1.000 dopant fragments per unit cell (right).
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Figure 3.9: AuBr4 doped SWNTs: (5,5) SWNT with 0.333 dopant fragments
per unit cell (left), and 0.667 dopant fragments per unit cell (right).
Figure 3.10: Performance of the AuBr4 doped SWNTs (conductance, left, and


























Doped (8,0) SWNT, 1.00 AuBr4 molecules/unit cell
Figure 3.11: The doped (8,0) band structures of the K doped conductor (left),
and the AuBr4 doped conductor. The red line indicates the undoped Fermi
level, while the green line indicates the doped Fermi level, for both doped
conductors respectively. The shift in Fermi level and the bands show n-doping
























Doped (5,5) SWNT, 0.67 AuBr4 molecules/unit cell
Figure 3.12: The doped (5,5) band structures of the K doped conductor (left),
and the AuBr4 doped conductor. The red line indicates the undoped Fermi
level, while the green line indicates the doped Fermi level, for both doped
conductors respectively. The shift in Fermi level and the bands show n-doping




Since any practical nanowire consists of a large number of noncontinu-
ous CNTs, it is only rational to consider the intertube movement of electrons
(in addition to the intratube conductance studied in Chapter 3), in order to
better understand the conductivity of a macro-scale wire. To do this, SWNT
junctions (which are models of one SWNT conductor end overlapping another
conductor end) were simulated.
In this chapter results on the conductance of the SWNT junctions are
shown. The (5,5) SWNT was chosen for the junction models because, as com-
pared to the (8,0) SWNT, the metallic SWNT better allows observation of the
doping effects. If the dopant is detrimental to the junction conductance, there
would be a decrease in conductance (from 2G0), and if the dopant is beneficial,
there would be an increase in conductance; in the case of the (8,0) SWNT, only
the positive effects can be seen. Computational studies of metallic armchair
junctions are scarce, especially for the dopants discussed in Chapter 3; no lit-
erature references could be found. The closest reference found investigated the
doping effects of AuCl4 on conductors and junctions [16], in which the junc-
tion was comprised of two semiconducting zigzag SWNTs. The work on the
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metallic armchair SWNT junctions in this thesis will fill in a void pertaining
to the conductance of doped metallic junctions, complementing the works on
semiconducting SWNT junctions.
The K and AuBr4 dopants were picked as a logical progression from
the results obtained by studying the doped SWNT conductors. Notably, the
K atom and the AuBr4 fragments are reasonable disassociation states for the
KAuBr4 molecule. In addition, both the K and AuBr4 dopants are symmetric:
the K atom being a sole atom, and the AuBr4 fragment being square planar.
This eliminated dopant orientation as a degree of freedom that the KAuBr4
would otherwise introduce. K+ and AuBr−4 were considered as well, but due
to their lack of effect on the SWNT conductors only their charge neutral coun-
terparts are discussed in this chapter. Research on semiconducting junctions
and the KAuBr4 molecule in the future can build on the results for metallic
junctions, as well as the K and AuBr4 doping results presented here.
Besides dopant effects, the effects of overlap distances, nanotube sep-
aration distances, rotational configuration/misalignment, and packing on the
conductance of the (5,5) junctions are presented. These variables are shown
to produce drastic changes in junction conductance.
The SWNT junctions were modeled to simulate a finite volume of a bulk
CNT wire: first, two aligned SWNT conductors in a computational unit cell
size similar that for the conductor cases (with 20 Å from the x- and y- walls)
were relaxed, to obtain an equilibrium configuration for the model. Then,
alternate ends of the two conductors were discarded, to form a junction with
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only two electrode ends, which was then moved to a different computational
unit cell for transport calculations. This was done to simulate an environment
of packed SWNT junctions; that is the computational unit cell determines the
packing density. Further elaboration on the end removal procedures for the
undoped and doped junctions are provided in their respective sections below.
4.1 Undoped Metallic (5,5) Junction
The first SWNT junction model investigated was the undoped metallic
(5,5) junction. After the structural relaxation of two aligned (and isolated)
SWNT conductors, the equilibrium nanotube separation distance between the
two conductors was obtained, defined as l∗SWNT−SWNT . The ends of the un-
doped conductors were then removed in the model,as follows: alternate ends
of the two relaxed conductors were removed (equal lengths) depending on the
overlap distances desired. Next, the SWNT junction was packed into a com-
putational unit cell of dimensions xjunc × yjunc × zjunc, defined as:
xjunc = l
∗
SWNT−SWNT + dSWNT (4.1)
yjunc = 2l
∗
SWNT−SWNT + 2dSWNT (4.2)
zjunc = length of model (4.3)
where dSWNT is the diameter of the SWNT conductor. Figure 4.2 shows the
undoped junction model, in the computational unit cell used in the transport
calculations, and Table 4.1 lists the dimensions.
The model of two aligned, undoped (5,5) SWNTs, each 15 unit cells
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long, was relaxed to a nanotube separation distance of l∗SWNT−SWNT = 3.36 Å.
Figure 4.1 shows the undoped (5,5) SWNT junction with a five unit cell over-
lap. At this nanotube separation distance, the conductance for the different
overlap distances is shown in Fig. 4.9.
Apart from allowing the two aligned SWNTs to move freely in the y-
direction, which resulted in a nanotube separation distance of l∗SWNT−SWNT =
3.36 Å, the effect which different packing arrangements have on the conduc-
tance of the junction was determined. This was done to simulate conditions
in a recent work, whereby the researchers radially densified rolled CNT sheets
before doping them in KAuBr4 solution [7]. To do this, the nanotube separa-
tion distance was initialized to lSWNT−SWNT = 1.50, 2.00, 2.50, 3.00, 3.50, and
4.00 Å for structural relaxation (the asterisk has been removed to indicate that
the distances are no longer for isolated nanotubes, but for packed nanotubes).
The packing arrangements were obtained using the rules shown in Eqns. (4.1),
(4.2), and (4.3), except that l∗SWNT−SWNT is replaced by lSWNT−SWNT .
Due to the highly constrained conditions which the packing arrange-
ment imposed on the model, the relaxed structure for the two SWNTs at the
nanotube separation distance of lSWNT−SWNT = 1.50 Å and 2.00 Å did not
maintain a uniform circular cross section, leading to an unrealistically high
total energy value. As for the nanotube separation distance of lSWNT−SWNT
2.50, 3.00, 3.50, and 4.00 Å, the energy values of the junctions were very close
to the energy value of the junction at l∗SWNT−SWNT = 3.36 Å, the difference
being < 0.03%. For all overlap distances, the energy values of all six junc-
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tions (lSWNT−SWNT = 1.50 - 4.00 Å) were higher than the energy value of
the junction that was structurally relaxed as isolated nanotubes (that gave
l∗SWNT−SWNT = 3.36 Å).
In Fig. 4.1 the conductance for the different nanotube separation dis-
tances is shown, where the highest conductance value for the three, five, and
seven unit cell overlaps occurred at lSWNT−SWNT = 3.00 Å. For the one unit
cell overlap the highest conductance occurred at 2.5 Å. Comparing to the
junction with a separation distance of l∗SWNT−SWNT = 3.36 Å (and a looser
packing arrangement) shown in Fig. 4.9, it can be seen that at a closer pack-
ing the junction conductance rose sharply. Moreover, the dependence of the
conductance on the overlap distance had an nonmonotonic behavior, which
is not surprising; computational efforts have shown oscillatory conductance
variations for both graphene [23], and SWNT junctions (labeled as contacts
in their work) [38], as a function of overlap distance.
While there have been previous efforts to study the effects on junction
conductance of overlap distances and tube axis alignment [19], there has not
yet been any computational research on the rotational alignment of nanotubes
in junctions. Thus the effects of rotational misalignment between the SWNT
conductors in the junctions was investigated. Figure 4.4 shows three rotational
configurations of the two conductors in the junction model: (a) is the model
used for all junction calculations: the carbon atoms of the two SWNT con-
ductor surfaces facing each other align perfectly. The upper conductor may be
rotated along its tube axis, as shown in (b) for a rotation of 12◦, and (c) for a
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rotation of 18◦. The unrolled view of the misaligned models is shown in Fig.
4.5. The choice of 12◦ and 18◦ rotations was driven by the honeycomb lattice
of the SWNTs: a 12◦ rotation moves a carbon atom (in the upper conductor)
to the lowest point of the conductor (in the y-direction), and an 18◦ rotation
moves it slightly more, such that the same carbon atom now defines a joint
lowest point on the conductor. The bottom conductor was stationary for all
cases.
Figure 4.6 shows the effect of the rotational misalignment on the con-
ductance. Both rotations reduced the conductance drastically, as compared to
the junction with no misalignment, as shown on the left in Fig. 4.6. In fact,
the 12◦ rotation created a gap in the transmission plot similar to that of an
undoped semiconducting SWNT conductor, as shown on the right in Fig. 4.6,
leading to zero conductance at the Fermi energy. The 18◦ rotation models had
a finite conductance, albeit much lower than the rotationally aligned junction.
In carbon nanotubes, the pz orbitals of the carbon atoms interact with
each other to form π orbitals, which are the main contributors to the con-
duction of the SWNT [39]. Tripathy et al. suggested that the dependence of
conductance on the crossing angle between nanotubes in junctions is due to
the overlap of the π orbitals [19], which is also a possible explanation for the
observation shown here. Here, it is speculated that when both SWNTs are
rotationally aligned (at 0◦, shown in (a) of Fig. 4.4), the π orbitals on the junc-
tion interface overlap; in addition to the intratube π orbital interaction, this
improves the junction conductance. As the rotational misalignment increases,
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the overlap region shrinks, and in turn reduces the junction conductance.
4.2 Potassium Doped Junction
The first of the two doped junctions examined was the K doped junc-
tion. Two doping configurations were selected – the external doping and the
interstitial doping configurations for the junctions. The motivation for study-
ing the external doping configuration was the positive results shown in the
previous chapter on SWNT conductors. Study of the interstitial doping con-
figuration was inspired by the work on polyiodide doped CNT junctions [10].
The two doping configurations for the K doped junctions are shown in Fig.
4.7.
In order to assign packing arrangements for the different doping config-
urations, another set of equations was defined to describe the computational
unit cell dimensions required to accommodate the change in packing arrange-
ment caused by the presence of dopants. Similar to the process used for the un-
doped junctions, the equilibrium nanotube separation distance (l∗SWNT−SWNT )
was obtained after structural relaxation. In addition, the dopant standoff
(l∗dopant−SWNT ) and dopant separation distance (l
∗
dopant−dopant) were obtained,
respectively, for the externally doped and interstitially doped junctions.
Next, alternate end segments were removed (at equal lengths, along
with the electrode dopants) depending on the overlap distance desired, for
transport calculations. The doped SWNT junction was packed into a compu-
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tational unit cell of dimensions xjunc × yjunc × zjunc, defined as
xjunc =
{
l∗SWNT−SWNT + dSWNT for the external doping configuration






for the external doping configuration
2l∗SWNT−SWNT + 2dSWNT for the interstitial doping configuration
(4.5)
zjunc = length of the model (4.6)
where dSWNT is the diameter of the SWNT conductor. Due to the size of the
K atom, which spans the length of one unit cell in the (5,5) SWNT, the K
doped junctions were doped at one atom per two unit cells. This led to the
total number of unit cells for each K doped SWNT conductor in the junctions
to be a multiple of two. In the K doped junctions, the SWNT conductors were
16 unit cells long (before removal of the ends). Figures 4.2 (right) and 4.3
show the computational unit cells for the different doping configurations.
For the external K doping configuration, the nanotube separation dis-
tance (l∗SWNT−SWNT ) was 3.46 Å, and the dopant standoff (l
∗
dopant−SWNT ) was
2.62 Å. For the interstitial K doping configuration, the nanotube separa-
tion distance (l∗SWNT−SWNT ) was 3.41 Å, and the dopant separation distance
(l∗dopant−dopant) was 6.42 Å. The dimensions for the computational unit cells
used are listed in Table 4.1.
Both doping configurations improved the conductance of the (5,5) junc-
tions, as shown in Fig. 4.9. The highest conductivity K doped junction had
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conductance of 1.02G0. It was obtained with the interstitial doping configura-
tion at an overlap distance of seven unit cells, with the nanotube packing rule
(in the xjunc direction) derived from the rule for interstitially doped models
(shown on the right of Fig. 4.2 yielding xjunc = 12.84 Å). The external doping
configuration performed similarly to the interstitial doping configuration; they
both improved the conductance by a factor of 2-2.5 at all overlap distances.
The effect of packing arrangement was further investigated, done by
using the packing rule (in the xjunc direction) for undoped junction models
(shown on the left of Fig. 4.2) to reduce the computational unit cell size. On
the right of Fig. 4.9 the effect of the packing arrangement on the conductance
can be seen. The conductance of the K interstitially-doped junction decreased
when the nanotube packing (in xjunc) was reduced from 12.84 Å (based on Eqn.
(4.4), the interstitial doping xjunc rule) to 10.47 Å (based on Eqn. (4.1), the
undoped xjunc rule). Unlike the undoped junctions, the reduction in packing
density reduced the conductance of the interstitially doped K junctions.
4.3 Tetrabromoaurate Doped Junction
The second of the two doped junctions examined was the AuBr4 doped
junction. Like the K doped junctions, the external doping and interstitial
doping configuration were modeled for the AuBr4 doped junction. The ends
removal process was identical to that used for the K doped junction, as de-
scribed in the previous subsection.
Using the values obtained after structural relaxation to determin the
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nanotube separation distance (l∗SWNT−SWNT ), dopant standoff (l
∗
dopant−SWNT ),
and dopant separation distance (l∗dopant−dopant), the AuBr4 doped junctions
were packed based on the rules set for the doped junctions, listed in Eqns.
(4.4), (4.5), and (4.6). Due to the size of the AuBr4 fragment, which spans
the length of three unit cells, in the (5,5) SWNT, the AuBr4 doped SWNT
were doped at one fragment per three unit cells. This led to the total number
of unit cells of each AuBr4 doped SWNT conductor in the junction to be a
multiple of three. In the AuBr4 doped junctions, the SWNTs were 15 unit
cells long before the removal of the ends. Figures 4.2 (right) and 4.3 show the
computational unit cells for the different doping configurations.
For the external AuBr4 doping configuration, the nanotube separation
distance (l∗SWNT−SWNT ) was 3.39 Å, and the dopant standoff (l
∗
dopant−SWNT )
was 3.36 Å. For the interstitial AuBr4 doping configuration, the nanotube
separation distance (l∗SWNT−SWNT ) was 3.79 Å, and the dopant separation
distance (l∗dopant−dopant) was 11.43 Å. The dimensions for the computational
unit cells used are listed in Table 4.1.
Depending on the type of dopant configuration, the AuBr4 fragment
had a mixed effect on the (5,5) junction, as shown in Fig. 4.9. The external
doping configuration had an adverse effect on the junction conductance, which
was reduced to ≤ 0.41G0 across the different overlap distances. The interstitial
doping configuration however, had a large positive effect on the junction con-
ductance. At an overlap distance of five unit cells, the conductance exceeded
the benchmark value for an undoped (5,5) SWNT at 2.04G0. The conduc-
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tance for the interstitially doped AuBr4 junction was also independent of the
junction overlap; for all overlap distances the conductance stayed in the range
of 1.8G0.
4.4 Discussion
The junction conductance of the (5,5) SWNT is sensitive to the follow-
ing variables:
• Nanotube separation distance, lSWNT−SWNT . The junction conductance
was highest between lSWNT−SWNT = 2.5 to 3.0 Å, much higher than the
junction conductance at l∗SWNT−SWNT = 3.36 Å. However, the system
was more energetically favorable at l∗SWNT−SWNT than at any of the
other lSWNT−SWNT . External constraining forces (through physical or
chemical means, in addition to the densification shown in [6, 7]) could
perhaps reduce the nanotube separation distance, such that the SWNT
junctions’ energetic state is not minimized.
• Junction overlap distance. An nonmonotonic behavior of the junction
conductance was observed, as the overlap distance was increased. Such
behavior is common in graphene and SWNT junctions [23, 38], and al-
though longer SWNT junctions (i.e. longer overlap distances) can cap-
ture the behavior over larger ranges, computational costs are a concern
for models of such size.
• Rotational misalignment. The rotational misalignment of the junctions
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drastically reduced the conductance, and was likely due to the reduction
in the π bond overlap as the misalignment increases. It is perhaps pos-
sible that doping can reduce the conductance loss induced by rotational
alignment, but this has not been investigated in this work.
• Packing arrangement. For the undoped SWNT junctions, the conduc-
tance raised sharply when the packing arrangement was reduced from the
isolated relaxation case (with l∗SWNT−SWNT = 3.36 Å) to lSWNT−SWNT
= 2.5 - 3.0 Å, before dropping off as lSWNT−SWNT < 2.5 Å. It appears
that the radial densification as performed by experimental researchers
in [7] has a positive effect on the undoped junction conductance. In
the interstitially K doped junctions however, the conductance decreased
when xjunc went from 12.84 Å to 10.47 Å. More data points on the pack-
ing of K doped junctions will be needed in order to obtain a verdict on
the ideal packing size. As it stands now, the reduction in packing of
the interstitial K doped junction from xjunc = 2l
∗
dopant−dopant= 12.84 Å is
detrimental to conductance.
• K and AuBr4 doping. The K atom had a positive effect on the junction,
in both the external and interstitial doping configuration. Both doping
configurations have conductance that are quite similar across different
overlap distances. As for the AuBr4 doped junctions, only the interstitial
doping configuration improved the junction conductance, while the ex-
ternal doping configuration reduced the conductance, as compared to the
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undoped junction. According to Saito, the most effective type of dopant
in inducing charge transfer in CNTs would be a highly electropositive
element, like alkali metals [40]. This could explain why the conductance
for the K doped junctions were less dependent on the dopant configura-
tion, as compared to the AuBr4 doped junctions. The conductance for
the K doped junctions were quite consistent across the different doping
configurations, whereas the conductance for the AuBr4 doped junctions
varied significantly. For the AuBr4 doped junction, the proximity of the
dopant to the CNT interface seems to be important; the positioning
of the AuBr4 fragments closer to the interface seems to raise the junc-
tion conductance. As for the most likely doping configuration for both
types of dopants, a molecular dynamics (MD) simulation may be able
to provide a suggestion on that. However, for a DFT based model, the
computational costs required are likely to be unacceptable. Future work
could involve investigations using MD simulation.










Undoped N/A 10.33 20.52 36.92
K
External 10.38 27.65 39.38
Interstitial 12.84 20.39 39.38
AuBr4
External 10.31 30.44 36.92
Interstitial 22.86 21.37 36.92
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Figure 4.1: Undoped junction with a five unit cell overlap (left), and conduc-
tance of the undoped (5,5) junctions as a function of varying overlap distance
and nanotube separation distance (lSWNT−SWNT ) for 0
◦ rotation (right).
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Figure 4.2: Axial (projected) view of a computational unit cell for an undoped
(left) and externally doped (right) junction (note that zjunc is the model length
in the axial direction).
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Figure 4.3: Axial (projected) view of a computational unit cell for an in-
terstitially doped junction (note that zjunc is the model length in the axial
direction).
Figure 4.4: Axial (projected) view of three SWNT junctions for three different
rotational alignments (0◦, 12◦ and 18◦).
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Figure 4.5: Unrolled SWNTs for the rotationally misaligned junctions at 12◦
(top) and 18◦ (bottom); the grey (lighter) atoms represent the lower SWNT
(in Fig. 4.4), and the blue (darker) atoms represent the upper SWNT (in Fig.
4.4).
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Figure 4.6: On the left, conductance of the 12◦ and 18◦ rotationally mis-
aligned junctions as a function of overlap, at a nanotube separation distance
(lSWNT−SWNT ) of 3.0 Å; on the right, conductance of the 12
◦ rotationally mis-
aligned junction as a function of overlap and electron energy. In this work,
the transmission data from the transport calculations was obtained through
the sampling of 201 points between -2 eV to +2 eV.
Figure 4.7: K doped junctions: externally doped (left) and interstitially doped
(right).
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Figure 4.8: AuBr4 doped junctions: externally doped (left) and interstitially
doped (right).
Figure 4.9: On the left, effects of overlap and dopant configuration on conduc-




In this chapter, a method to describe the macro-scale performance of
CNTs is presented. A nanowire model is proposed to compute specific con-
ductivity, which is used as a performance metric M . The performance of the
nanowires is evaluated through a comparison of specific conductivity to the
specific conductivity of copper.
The metric M for the nanowire is based on previous work [10], given
by the following equation that describes the specific conductivity the specific













where ρ and σ are the mass density and conductivity of a continuum material
respectively, m̂eff is the effective mass per unit length of the nanowire, LMFP
is the mean free path length in CNTs, Reff is the effective resistance of the
nanowire, and Gc (or Gj) is the conductance of the conductor (or junction).
The ‘min’ function ensures that the nanowire model can only allow electronic
transmission at the lower conductance (between the conductor and junction),
since that would be the limiting factor for electronic transport. The effective
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mass per unit length is defined as










where mc (or mj) is the mass of a conductor (or junction) with the length Lc
(or Lj). Here, α is defined as the fractional overlap of the nanowire.
Table 5.1 shows the fractional overlap, mass per unit length, packing
density, and conductance values for the junctions. The highest and lowest
conductance results for the junction models (with regard to the fractional
overlap, mass per unit length, and packing density) were considered for the
nanowire model. The packing density for the junctions is simply the number
of SWNT conductors in the junction divided by the axial (projected) area of
the computational unit cell, i.e., 2/(xjuncyjunc).
The nanowire performance metric M in its functional form is expressed
as:
M = f(mc,mj, Lc, Lj, Gc, Gj) (5.3)
where the values for the variables were obtained from the models presented
in Sections 3 and 4. Since two different doping concentrations were studied
for the conductor models, and two doping configurations were studied for the
junction models, four combinations of conductor and junction models were
analyzed to create the nanowire model. The properties of the models are
shown in Table 5.2.
The results of the nanowire model were compared to a continuum con-
ductor made of copper, designated as the reference metric, Mref . Since the
46
reference metric was obtained from a continuum model, the specific conductiv-
ity formula (shown as the inverse in Eqn. (5.1)) only requires the conductivity
(σ) and the mass density (ρ), which yields Mref = 6671.30 Sm kg
−1 [41]. A
mean free path of LMFP = 500 nm was chosen for the nanowire model, based
of a study on metallic SWNTs [42]. The effects of the dopants on the mean free
path of CNTs are not clear, and there is no agreement in mean free path even
for undoped CNTs. The type of CNTs tested in the experiments by Mann et
al. [42] is similar to that in the present research, which was why the mean free
path value of 500 nm (from the results in [42]) was assumed.
Figure 5.1 shows a comparison of specific conductivity predicted by the
nanowire model versus copper. The metrics for different combinations had
different ranges. Notably, the K doped nanowire showed a wider variation
(shown on the left) than the AuBr4 doped nanowire (shown on the right). In
fact, the AuBr4 doped nanowire was extremely sensitive to the junction doping
configuration. Quantitatively, the specific conductivity factor over copper for
the K doped nanowire ranged from 0.524 to 3.357, while the factor for the
AuBr4 doped nanowire ranged from 0.154 to 4.164. The experimental specific
conductivity factor for the KAuBr4 doped CNT in [7], shown in black dashed
lines in Fig. 5.1, was 0.73 (73% of the specific conductivity of copper) at
4842.86 Sm2 kg−1, and is within the computed ranges for the K doped and
AuBr4 doped nanowires.
It is noted that the nanowire model presented in this work is expected to
outperform the experimental data obtained from [7]. In that work, the KAuBr4
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doped CNT consisted of nanotubes that were SWNTs and MWNTs, and possi-
bly included a mixture of both metallic and semiconducting nanotubes. Hence,
the observed difference of the experimental specific conductivity, as compared
to the nanowire models, is reasonable. Furthermore, the experimental doping
configuration is undetermined for the KAuBr4 doped CNT; the dopant could
either adsorb to the CNTs in its disassociated form (as K atoms and AuBr4
fragments) or as a complete KAuBr4 molecule, or both. These factors could
all contribute to the discrepancy between the nanowire performance and the
experimental data in Fig. 5.1. Moreover, the fractional overlap α may vary
form junction to junction. Hence the nanowire model is a ‘high performance
model’ and it estimates a higher specific conductivity than the experimental
reference indicates. Percolation modeling might be able to provide a closer
estimate, but it is beyond the scope of this thesis, which is limited to quantum
analysis.
The tabulated nanowire models in Table 5.2 represent high performance
configurations for the different types of disassociated dopants, for strictly
metallic SWNT conductors and junctions.
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Table 5.1: Fractional overlap, mass per unit length, packing density and con-






















0.246 390.7 6.968 0.318
1.230 253.4 6.968 0.824
2.215 231.1 6.968 0.950
3.199 227.4 6.968 0.908
Interstitial
0.246 391.1 7.639 0.602
1.230 260.0 7.639 0.760
3.197 230.0 7.639 1.017
0.246 391.1 9.368 0.170
1.230 260.0 9.368 0.225
3.197 230.0 9.368 0.783
AuBr4
External
0.246 681.5 6.373 0.074
1.229 402.7 6.373 0.111
2.213 324.9 6.373 0.183
3.197 339.7 6.373 0.302
4.182 355.0 6.373 0.415
Interstitial
0.246 971.4 4.094 1.888
1.230 402.4 4.094 1.841
2.214 339.2 4.094 2.044
3.199 364.1 4.094 1.637
4.183 355.0 4.094 1.930
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Relative Specific Conductivity (K Dopant)
Model, External Doping Configuration
Model, Interstitial Doping Configuration
Experimental, Unknown Doping Configuration
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Relative Specific Conductivity (AuBr4 Dopant)
Model, External Doping Configuration
Model, Interstitial Doping Configuration
Experimental, Unknown Doping Configuration
Figure 5.1: The relative specific conductivity of the K doped nanowire (left)
and AuBr4 doped nanowire (right), with the dashed line indicating the specific
conductivity of the KAuBr4-doped CNT (of which the doping origin is unde-
termined) in [7] as compared to Mref ; the experimental reference is meant to





The principal findings of this research on KAuBr4, K, and AuBr4 doped
models are presented in this chapter. Motivated by previous works, where ex-
perimental literature showed that the KAuBr4 doped CNTs had a very high
conductivity [6, 7], this thesis studied computational models of the KAuBr4
doped CNTs. (Similarly, experimental literature showed that iodine doped
CNTs had a very high specific conductivity [3], and a previous work [10] stud-
ied computational models of the iodine doped CNTs.)
From the SWNT conductors models, it was found that:
• KAuBr4 improved the conductance of the (5,5) SWNT conductor, but
not the (8,0) SWNT conductor. The conductance of the doped (5,5)
conductor was raised to 4G0 at 0.67 dopant molecules per unit cell,
while the conductance of the doped (8,0) conductor remained at zero.
Despite the improvement to the conductance, the KAuBr4 doped (5,5)
conductor had a decrease in the specific conductance, lower than the
benchmark of an undoped (5,5) conductor (the specific conductance was
zero for the (8,0) conductor). This was due to the high dopant mass
fraction introduced by the KAuBr4 molecule, as high as 60% for the
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(8,0) conductor, and as high as 61% for the (5,5) conductor. Since bulk
CNT’s consist of a mixture of metallic and semiconducting nanotubes
[37], it is possible to have an increase in overall conductivity if only the
metallic SWNT has an improvement in conductance; thus the results are
consistent qualitatively with experiment [6, 7].
• K improved both the conductance (5,5) and the (8,0) SWNT conductors
drastically. The conductance increased to as high as 2.5G0 for the (8,0)
conductor and 3.8G0 for the (5,5) conductor. The specific conductance
was also increased for both conductors, past the benchmark value for an
undoped (5,5) conductor. This was due to the low dopant mass fraction
introduced by the K atom, only 9% for the (8,0) conductor, and 14%
for the (5,5) conductor. This improvement in conductance is consistent
with computational and experimental literature [8, 13].
• AuBr4 improved both the (5,5) and the (8,0) SWNT conductors dras-
tically. The conductance increased to as high as 1.9G0 for the (8,0)
conductor and 4G0 for the (5,5) conductor. However, due to the large
mass of the AuBr4 fragments, specific conductance for both the (8,0) and
the (5,5) conductors was lower than the benchmark for an undoped (5,5)
SWNT conductor. The dopant mass fraction for the AuBr4 fragment for
the (8,0) conductor was as high as 57%, and for the (5,5) conductor it
was as high as 59%. The increase in conductance of the AuBr4 doped
SWNT conductor is consistent with related work on AuCl4, which ex-
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hibited improvement to its conductance of SWNT [16]. (Related work
on AuBr4 doped CNTs, computational or experimental, was not found.)
As for the (5,5) SWNT junctions, it was found that:
• The nanotube separation distance of l∗SWNT−SWNT = 3.36 Å was ob-
tained from relaxing two isolated and undoped SWNT conductors, but
with a slight decrease of nanotube separation distance (to lSWNT−SWNT
= 2.5 to 3.0 Å) (increase in the packing density) the junction conduc-
tance increased sharply.
• The junction overlap distance had a nonmonotonic effect on the junction
conductance, which was expected from previous work [23, 38]. Fig. 4.1
shows that at constant separation distances, the variation of the conduc-
tance with overlap was not monotonic.
• The rotational configuration had an important effect on the junction con-
ductance. The decrease in conductance due to rotational misalignment
between the SWNT conductors in the junction can be described as the
reduction in π orbital overlap between the conductors; similar behavior
was found in [19].
• The packing arrangement affected the junction conductance. As seen
in the undoped SWNT junction, the conductance can be increased by a
slight reduction in packing density, which indicated that densificaton [7]
may be beneficial. However, there may be a limit to how much packing
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can help: for the interstitially K doped junction, the reduction in packing
reduced the conductance.
• K had a positive effect on the SWNT junction conductance, and was not
quite as sensitive to different doping configurations. On the other hand,
the interstitially doped AuBr4 junction was significantly better than the
externally doped AuBr4 junction in increasing junction conductance. As
pointed out by Saito, alkali metals are the leading candidates in alter-
ing nanotube electronic states [40], and this supports the argument that
the K atom affects the SWNT junctions’ electronic state more than the
AuBr4 fragments: the K atom as an alkali metal is extremely reactive,
and has a higher tendency to alter the electronic state of the SWNT junc-
tions as compared to the AuBr4 fragment, which was heavily dependent
on dopant configuration for high conductance.
The nanowire model provided a metric to compare the findings with
the experimentals of [7], as well as to bulk copper. The experimental specific
conductivity of the KAuBr4 doped CNT fell within the range of the nanowire
model values. As expected, the high performance configuration nanowire mod-
els had a specific conductivity higher than the experimental value, since many
factors such as the doping configuration and the mixture of nanotubes could
lower the experimental value. Note that it is possible to experimentally pro-
duce doped CNTs with specific conductivity much higher than that of copper:
Zhao et al. showed that with iodine doping, the specific conductivity of nan-
otube cables can surpassed copper’s by a factor of three [3] (although the
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nanotubes in question are double walled, which are metallic even if both the
inner and outer nanotubes are semiconducting [43]).
The results in this work show the potential of SWNT wires doped with
KAuBr4, K, and AuBr4 for conductive wires (especially K in mass specific
applications) and can assist future experimental efforts in the investigation of
doped-SWNT conductive wires. As a follow up on the work in this thesis,
the investigation of dispersion corrected models, as well as the possibility of
utilizing finite temperature methods to analyze the doped models, may be






Ion Doped Conductor Models
The doping solution used in works that produced the KAuBr4 doped
CNT was a KAuBr4 aqeuous solution [6,7], which raised the possibility of K
+
and AuBr−4 ions as doping agents in the solution. Hence, the two ion dopants
were considered as candidates for the doped models.
Since the mass of an electron is much smaller than the atomic mass
of the element, the atomic masses of the dopants remain the same, shown in
Table 3.2. Similar to the SWNT models with charge neutral dopants, two
dopant concentrations were tested for the ions. Transport calculations for the
ion doped conductors were done by initializing the models as electron-deficient
or -surplus, respectively, for the K+ and the AuBr−4 cases.
A.1 Potassium Ion
First, the K+ doped SWNT conductor was studied. The K+ ion spans
the length of one unit cell in both the (8,0) and (5,5) SWNTs. Hence, the
dopant concentrations are 0.50 and 1.00 ion per unit cell for both the (8,0)
and (5,5) SWNT conductors. The distances of K+ dopants from the SWNT
and the doped mass per unit length is listed in Table A.1.
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The K+ ion had no effect on the conductance, for either the (8,0) or
the (5,5) conductors. Table A.1 shows the performance of the K+ doping
on both types of conductors. With no increase in conductance, the specific
conductance of the K+ doped SWNT conductor remained at zero for the (8,0)
conductor, and decreased for the (5,5) conductor.
A.2 Tetrabromoaurate Ion
Next, the AuBr−4 ion was studied, the other part of the KAuBr4 molecule.
The AuBr−4 ion spans the length of two unit cells in the (8,0) SWNT, and three
unit cells in the (5,5) SWNT. Hence, the AuBr−4 dopant concentrations tested
are 0.50 and 1.00 ion per unit cell for the (8,0) SWNT. Correspondingly, the
dopant concentrations are 0.33 and 0.67 ion per unit cell for the (5,5) SWNT.
The distances of AuBr−4 dopants from the SWNT and the doped mass per unit
length is listed in Table A.1.
The AuBr−4 ion had no effect on the conductance, for either the (8,0) or
the (5,5) SWNT conductor. Table A.1 shows the performance of the AuBr−4
doping on both conductors. With no improvement to the conductance, the
specific conductance of the AuBr−4 doped SWNT conductor remained at zero
for the (8,0) conductor, and decreased for the (5,5) conductor.
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Table A.1: Dopant standoff (from SWNT surface), mass per unit length, and
conductance for the doped conductors. The specific conductance can be ob-
tained from taking the ratio of the conductance (column 6) to the mass per























0.50 2.503 94.8 0.000
1.00 2.440 99.3 0.000
(5,5)
0.50 2.546 105.5 1.993
1.00 2.936 113.5 1.994
AuBr−4
(8,0)
0.50 3.163 (Au) 150.8 0.000
1.00 3.296 (Au) 211.3 0.000
(5,5)
0.33 3.377 (Au) 167.6 1.991
0.67 3.506 (Au) 237.5 1.996
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